In the drilling and production of oil at sea, a large quantity of potable water used is most commonly transported to oil platforms using offshore supply vessels (OSVs). Sea water desalination is used as well, but only in a few oil platforms. To minimize energy consumption, water supply options were studied. The desalination of seawater and the reusing of streams of grey water and black water were evaluated and compared with the characteristics of the current supply via OSVs. In both desalination and OSV water supply options an electrolytic wastewater treatment plant is used. The objective of this study was to analyze the current situation regarding water supply on offshore platforms located in the Campos Basin, Rio de Janeiro, Brazil, and to propose measures to take advantage of opportunities to reuse water and reduce energy expenditure. Two alternative scenarios were developed that involved the reuse of water that comes from the effluent of a biological wastewater treatment plant (WWTP). Information on the logistics of supplying water to platforms was obtained through direct consultation with companies and sources in the literature. The results show that annual energy consumption (uptake, treatment, transportation, use and waste water treatment) of water on offshore platforms is currently 1.89 GWh, and that a reduction of 1.8 GWh of the energy consumed can be achieved using advanced reuse treatments. Energy consumption in the water reuse treatment is more competitive than those of transport by OSVs or seawater desalination. Keywords: energy, offshore supply vessel, water, wastewater treatment.
INTRODUCTION
The exploration and production of oil in the ocean requires a significant amount of energy to supply water to offshore oil platforms. This water is mainly for domestic uses (showers, toilet flushing, laundry, and the washing of dishes, fruit and vegetable, and decks). The main contaminant in the deck-washing wastewater is the oil residue accidentally spilled during maintenance operations or oil that adheres to the shoes of people working in areas with oil residue on floors.
Mineral water is used for drinking and cooking. This water is supplied in plastic 20-litre containers and delivered by OSVs.
In drilling platforms and oil production operated by Petrobras (Petróleo Brasileiro SA) in the Campos Basin, Rio de Janeiro, Brazil, water is supplied by an offshore supply vessel (OSV). The water supply chain in this region begins with the uptake of raw water from the Macaé River. The water is discharged from the WTP (water treatment plant), and is then put into OSV storage tanks and transported for later delivery to platforms.
Due to the large amount of energy needed to supply water to offshore platforms using OSVs, possible alternative forms must be carefully evaluated, especially from an energy consumption perspective.
Water transport logistics for offshore platforms via OSV is a complex operation and has many limitations; it therefore depends directly on the characteristics of the type of vessel and its ability to handle weather and navigation conditions. The uncertainties constitute a major challenge for scheduling and routing and make it difficult to efficiently utilize the supply vessels based on a deterministic planning approach. These uncertainties force OSVs to constantly change their programs (Aas et al., 2009) . Moreover, the logistical chain for water supply and wastewater treatment consumes a lot of energy and generates air pollution.
Transporting water from the wastewater treatment plant (WWTP) to 60 far-away platforms -approximately 200 km from the coast -requires 23 OSVs. Petrobras has a pier in the city of Macaé, Rio de Janeiro for water loading and other products that will be transported to the platforms. The WWTP is close to the pier, but is at a higher level, which facilitates the transportation of water using gravity. The OSV tanks are filled with water, which takes approximately five hours. The type of OSV that is used most often in the Campos Basin to carry water has a capacity of up to 2,000 m 3 per trip. The amount of water carried on each trip should supply up to four platforms. Every year, 548 OSV trips are carried out to supply the Petrobras 60 platforms in the Campos Basin with water for domestic consumption. After use, the majority of the water is routed for treatment at a WWTP and then discharged into the ocean.
Victor Magalhães Duarte et al. In treatment systems installed in Brazilian sanitation companies, the average electricity consumption is 0.72 kWh m -3 (Gomes, 2013) . The water for the platforms in the Campos Basin comes from a WWTP in the city of Macaé, and 1.46 kWh of energy per cubic meter is needed to uptake and treat it (Lemos, personal communication, 2015) . This high-energy consumption is due to the need for water from the Macaé River to be pumped into water tanks at the top of a mountain before reaching the WWTP by gravity.
Reusing water on oil rigs is presented as an alternative that could prove less harmful to the environment when compared with OSV transportation of water (Duarte et al, 2015) . This article only evaluated two alternatives to supply water in offshore platforms other than OSVs and desalination using reverse osmosis, although distillation is used to desalinate water as well. Both alternatives of the reuse of effluent generated in the biological wastewater treatment use a purification chain, mainly with a membrane filtration process. With regard to energy, membrane technology for seawater desalination consumes less power than the distillation process (Sarté et al., 2006; Al-Qaranghouli and Kazmerski, 2012) . In distillation with vapor compression, the energy consumption of the process is about 7 to 12 kWh m -3 , while that for reverse osmosis (RO) is 4 to 6 kWh m -3 (sea water) (Al-Qaranghouli and Kazmerski, 2012) . However, the energy consumption of RO to treat brackish water is 1.0 kWh m -3 (Dolnicar and Schäfer, 2006) . Although RO results are effective, the configuration of their membranes is susceptible to a wide variety of organic, inorganic, particulate/colloidal, and biological fouling (Amjad, 1992) . To mitigate membrane fouling and to prevent damage from occurring, RO systems require a sufficient and reliable pre-treatment to produce a higher-quality feed of water to ensure stable, long-term performance of the RO membrane elements, regardless of changes in turbidity of raw water (WHO, 2007; Wolf and Siverns, 2004) . Although this pre-treatment has been done for many years by using chemicals, more common today is the use of ultrafiltration (UF) membranes (Beery, 2010) .
While most platforms in the Campos Basin are fitted with electrolytic WWTPs, mainly due to the lower weight of the structure and compactness compared to biological WWTPs, these units have limitations that make it less attractive for incorporation with projects that aim to reuse water. Limitations are as follows: the electrolytic WWTPs consume almost two times more energy than biological WWTPs for the same amount of wastewater treated (Czerviski, 2001 ); daily they generate 0.8 kg waste person -1 after centrifugation; the centrifugation and storage of waste requires room on the platform and requires skilled labor; frequent cleaning of electrolytic cells (Czerviski, 2001 ) undermines the full utilization of the effluent; in times of peak water consumption, the contact time with chlorine appears inadequate to oxidize the organic matter, reducing the efficiency of the treatment; and neutralizing an excess of chlorine in the effluent requires sodium bisulphite solution storage tanks, occupying more space and increasing the total weight of the unit (The Dow, 2015; Upsher and Fletcher, 1996) . In the biological WWTPs, the sludge is only removed every six months.
Given this scenario, we propose an analysis of the energy aspects, challenges and opportunities for implementing the reuse of water in offshore platforms located in the Campos Basin, Rio de Janeiro, Brazil.
MATERIALS AND METHODS
The literature review consisted of consulting scientific articles in indexed journals on seawater desalination and reclaimed water directly from wastewater effluent. The review indicated that lighter systems were preferred because they occupied less space than units used on land; optimizing the use of space and limiting weight were basic requirements in any design for offshore platforms. On the other hand, techniques and equipment with lower power consumption were also sought after, and determining such techniques and equipment was the goal of this article.
In order to identify the use and distribution of water for domestic use on an offshore platform, contact was made with the person responsible for this on a platform to advise the uses and respective amounts of water.
Data was collected from various sources. Biological and electrolytic WWTPs for use on platforms were not addressed in scientific articles. This research therefore collected the required data through technical manuals and the information regarding the platforms through technical visits. Details of the OSVs and the trip characteristics (time, distances travelled, and types of engines used) were provided by the companies who rent the OSVs in the area under study and by the logistics of the Brazilian oil company. Fuel consumption calculations were obtained using technical data from the OSV manufacturers (Solstad Farstad, 1999) , to include the different operating conditions of the engine and its functioning time. These data, along with energy consumption of electrolytic and biological WWTPs, formed the basis for energy consumption calculations in the current conditions and the proposed alternative scenarios.
In Brazil, there are currently two options for supplying offshore oil platforms with water. The first is completely described by Duarte et al. (2015) . In this option, water is collected at the WWTP (at the pier), transported by OSVs, discharged into the platform tanks, used, and forwarded to an electrolytic WWTP. Finally, the effluent is discarded into the sea. The water used in the deck washing is sent to the oil and water separator and disposed of into the sea after reaching a concentration of 15 mg L -1 or less. Typical water consumption in an offshore platform of 190 people is shown in Table 1 . In the second option, seawater is collected and treated by both UF and RO filtration membranes. As depicted in the flow chart, the treatment of sewage is sent to an electrolytic WWTP and the effluent as well as UF and RO concentrates are discharged into the ocean (Figure 1 ). To supply the RO unit, seawater must be captured at an average ocean depth of 30 meters and with an approximate flow rate of 25 m 3 h -1 . Scenario 1 proposes reuse of the water produced from the biological WWTP that is generated on the platform. In scenario 1, the black, gray and oily waters are sent to the same biological WWTP. (Figure 2) ; but the oily water from the deck washing initially passes through an oil and water separator (OWS) and is then sent to the biological WWTP. The effluent concentration exiting the OWS is at most 15 mg L -1 . The amount of water used per day to wash the decks (4,000 liters) represents a load to be degraded equivalent to the sewage generated by two people, which the biological WWTP has capacity to treat. The light gray water (the wastewater from showers, washbasins and laundry) passes through a fine sieve to retain solid particles (hair and tissue fibers) and is directed to the biological WWTP. The dark gray water (wastewater from the galley) passes through a fine sieve and then a grease trap (GT) before being directed to the biological WWTP. The effluent initially passes through disinfection with calcium hypochlorite and an activated carbon filter to remove excess of chlorine to preserve MF and UF membranes. Then the effluent undergoes microfiltration and ultrafiltration to remove larger microorganisms (protozoa and bacteria) and reduce turbidity. The application of UV radiation and RO removes viruses, providing a water quality in compliance with Brazilian Ministerial Order 2914/2011.
The Quantitative Microbial Risk Assessment (QMRA) was used to evaluate the microbial quality of water after being treated (Westrel, 2004; Howard et al., 2006; Canada, 2011; 2012) . It was considered that the flow rates from the backwashing of MF, UF and RO could also be returned and treated by the WWTP.
To purify the effluent from the biological WWTP, techniques already designed and approved for direct potable reuse (DPR) were used. In Scenario 1, the water loss during sludge disposal is 25 m 3 , which is in accordance with the biological WWTP requirements. The majority of water losses (evaporation during deck washing and sludge disposal) are replaced by urine (about 400 litres per day) which is fed into the WWTP. If more water is required it can be obtained according to the platform water supply plan. In this scenario, the energy-consuming equipment is comprised of three pumps for pressurization (UF, discard the OWS, backwash and RO equipment).
Although the water in Scenario 1 has been treated, it is not intended for human consumption. However, because it can be used in situations that may involve involuntary intake (bathing and brushing teeth), the water quality must be compatible with water that will be consumed.
In Scenario 2, as in Scenario 1, all wastewater, including the stream from the deck washing, goes into the WWTP and is fully reused. But in this scenario the WWTP uses a membrane bioreactor (MBR). In the treatment process train, after the WWTP, the effluent is chlorinated to inactivate virus and avoid regrowth of pathogens in the process train ahead. The activated carbon filter (ACF) removes organic matter and chlorine to avoid damage in RO membrane. The next step is an advanced oxidation process (AOP) to eliminate organic matter in the effluent and reduce RO fouling. Finally, after reverse osmosis (RO) treatment, the effluent is chlorinated again to keep a residual in the water to avoid biological contamination during storage (Figure 3) . In Scenario 2, the energy-consuming equipment is comprised of three pumps for pressurization (discard the OWS, backwash and RO equipment).
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The different stages that include travel (round trip) from OSVs to provide water to the platforms must consider timing: on the pier, the outward trip, the return trip, and during the water discharge on the platform. These are the steps with variable times: waiting during the trip, leaving, and returning. However, for the purposes of calculating maritime diesel oil (MDO) consumption and estimating the amount of energy spent in transporting water via OSVs, in addition to the known fixed times, the most common variable times were chosen.
In the implementation of one of the alternative systems, water transport by the OSV is used only in the case of interrupting the desalination operation or interrupting the water-reuse systems. This is because the systems of Scenarios 1 and 2 are self-sustaining.
In order to calculate the amount of energy consumed in the transportation of water to the platforms, the standard trip of the OSV was used, which, due to the needs of each platform and the water transport logistics, carry 2,000 m 3 of water in each trip, which is shared by four platforms (500 m 3 / trip / platform). Therefore, in the items of ODM consumption that correspond to the stages of the round trip of the OSV, the quantity of ODM and the respective amount of energy consumed for a platform is pro-rata, since the quantities were initially calculated for four platforms.
For calculating the energy in kWh spent in water transportation, it was necessary to transform MDO consumption into energy. OSVs use 2,610 kW and 1,056 kW engines, which have energy efficiencies of 44% and 42%, respectively (an average of 43% was adopted) (Hitachi, 2016) . As fuel consumption is known for each stage of water transportation, and one tonne of MDO is equal to 12,584 kWh (The Carbon Trust, 2006), the amounts of energy could be calculated.
To determine the largest portion of energy savings among the options presented, the energy is consumed in each alternative is initially calculated. For supplying water by OSV the total amount of energy refers to the uptake, treatment and use of water, as well as water transportation. The amount of MDO consumed to transport the water must be calculated considering an efficiency of 43% in energy conversion in thermal electrical OSV generators that use MDO and a conversion factor of 12,584 kWh tonne -1 of MDO (primary energy) (The Carbon Trust, 2006) . The other options of water supply refer to the energy consumption of the equipment used in desalination and reuse, respectively. For the energy consumption in Scenario 1, Scenario 2 and desalination, the equipment manufacturer specifications were used. Using the total electric consumption per day divided by the water flow in m 3 , the energy in kWh per m 3 could be defined. For the WWTP the oil company supplied the information required. With the energy consumption of each option, the higher and lower consumptions and the differences between them were chosen.
Water distribution is accomplished using a system named "hydrophore", which pressurized water from the tanks in the legs of platforms in order to reach each point of use.
RESULTS AND DISCUSSION
During the study period, the time it took to accomplish each step. The transporting of water by OSVs and their MDO consumption were surveyed regularly and showed minor variations. The steps with normally immutable times are: on the pier, the trip from pier to platform, discharging water on the platform, shifts among platforms and the trip back to the pier. For the other items related to waiting for the trip to the platform and the trip back, those with a higher frequency of occurrence (mode) were selected, as shown in Table 2 .
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In 2013, 101.98 GWh were consumed to provide 1,095,000 m 3 of water for use on 60 platforms, with 1.60 GWh in uptake and treatment and 100.38 GWh in the transport of water by OSVs. Table 3 shows the consumption of MDO and energy by platform per trip. The total MDO consumption for each platform is consumption per trip (8.47 tonnes) times the number of trips per year, or 309 tonnes. Table 4 shows the energy consumption of one platform supplied by OSV. The total energy consumption including the uptake, water treatment in the WTP, transportation, unloading, use and wastewater treatment for one platform in the Campos Basin, RJ, Brazil, was 5,178.5 kWh day -1 or 1.89 GWh/year. The total energy consumption per day for 60 platforms is 310.71 MWh (Table 4) .
Victor Magalhães Duarte et al. The energy consumption in one platform supplied by desalination is depicted in Table 5 . The total energy consumption including the uptake, pre-treatment with UF, desalination (RO) and water distribution is 746.0 kWh/day. The total energy consumption per day for 60 platforms is 44.82 MWh (Table 5) . Table 6 shows the energy consumption in one platform supplied by two different water reuse systems. Scenario 2 energy consumption is 46.2% less than Scenario 1. Table 7 compares the energy consumption of the current supply condition of water by OSVs to the offshore platforms in the Campos Basin and desalination with the two scenarios. Regarding energy consumption, the most advantageous option of water reuse is Scenario 2. It consumes 2.2% of the total energy of the OSVs, 15.5% of desalination and 53.8% of the Scenario 1 (Table7). Compared with water carried by OSVs to offshore oil rigs, desalination reduces energy consumption by 97 GWh year -1 and for water reuse reduces by 108.7 GWh year -1 in Scenario 1 and by 110.9 GWh year -1 in Scenario 2. This means that for each platform the energy saved is about 1.8 GWh year -1 when water reuse is considered. However, the desalination process consumes 11.7 to 13.9 GWh year -1 more energy than the water reuse systems. Scenarios 1 and 2 are presented as viable alternatives for reducing electric power consumption, as can be seen in Table 7 in which the four conditions for the availability of 50 m 3 day -1 of water to each of the 60 platforms are compared. The losses in Scenario 1 occur on each platform every six months when the sludge is removed from the total amount of water (25 m 3 ) of each biological WWTP. The WWTP used in platforms is often electrolytic, with a consumption of 24 KVA of energy to treat 50 m 3 a day. For a power factor of 0.8 and over 24 hours of continuous operation, the power consumption is 9.22 kWh m -3 , with an annual total energy consumption of 168.26 MWh in each platform.
Biological wastewater treatment units consume less energy than electrolytic ones. While the biological unit consumes 134.4 kWh day -1 (Scenario 1) and 47.5 kWh day -1 (Scenario 2) to meet the needs of 190 people, treating black and grey water, the electrolytic unit consumes 230.5 kWh day -1 . Biological WWTP for water reuse in offshore platforms provides a stable and better quality effluent, and energy use is from 41.7% (Scenario 1) to 79.4 % (Scenario 2) less than that of the electrolytic WWTP. Considering Scenario 2, the difference between the energy to run an electrolytic unit and a biological unit is 66.8 MWh year -1 , which is enough to run four biological units for 351 days (Figure 4) . When replacing the electrolytic with a biological WWTP (Scenario 2) that consumes less power, an annual energy savings of 11 GWh is generated across 60 platforms. Moreover, reusing water provides energy efficiency to the water supply system for offshore platforms, allows the effective conservation of water sources and reduces the emission of both greenhouse gases and those harmful to health.
As reported by the Power Research Company of the Brazilian Ministry of Energy and Water, the average residential consumption of electricity in Brazil in 2012 was 161 kWh month -1 (Brasil, 2013) . Considering OSV water supply for 60 platforms, the annual consumption is 113,4 GWh (Table 7) minus the annual energy consumption of 2.5 GWh in reuse (Scenario 2); the annual energy saved would be 110.9 GWh. This amount can supply 50,900 homes per year, calculated considering an average monthly consumption of 162 kWh. Figure 5 shows the number of homes that can be supplied with electricity in a year after saving 108 GWh annually by reusing water (calculated at monthly consumption rates of 161 kWh, 200 kWh, 300 kWh and 400 kWh per household) ( Figure 5 ). The annual energy consumption for the supply of 1,095,000 m 3 of water to 60 platforms is 108 GWh or 1.8 GWh for each platform. This value also takes into account uptake, water treatment and wastewater treatment (Table 8) . Energy consumption figures for water supplies of 500 m 3 every ten days using OSVs (including energy consumed in the uptake, treatment and wastewater treatment) as compared with desalination and Scenarios 1 and 2 (depicted in Figure 6 ). An oil production platform with 190 people daily consumes 72,000 kWh of energy. Because the annual energy savings by reusing water is 110.9 GWh, the energy saved is enough to power 4.2 platforms per year (Table 9 ). As water reuse saves the total amount of water transported by OSV and each platform uses 50 m 3 of water per day (18,250 m 3 per year), the total water saved for 60 platforms is more than 1,000,000 m 3 per year. According the results from QMRA calculation, the treated water from Scenarios 1 and 2 has a quality suitable for use in the galley, where dishes, fruit and vegetables are washed and exceeds the quality required for toilets and deck washing of the platform.
CONCLUSIONS
The high energy consumption and difficulties associated with supplying water to offshore platforms in Brazil makes desalination and water reuse viable alternatives. In addition, desalination and water reuse on oil rigs greatly reduce energy consumption compared with the water transport by OSVs. Water reuse projects that save water have been adopted in many countries. Reusing water on offshore platforms in the Campos Basin, Rio de Janeiro, Brazil is feasible, and once implemented will allow a savings of over 1,000,000 m 3 of water per year. As energy efficiency seeks to keep performing the same activities with lower power consumption, of the options studied, water reuse consumed the least energy. Therefore, the reuse of wastewater effluent on offshore platforms is vitally important, both in the logistics of its operation and in reducing energy consumption.
Replacing the electrolytic with a biological WWTP can save up to 4.0 GWh per year in the 60 offshore platforms.
Even though desalination water supply consumes between 11 and 13.9 GWh more energy than water reuse yearly, it consumes 97 GWh less energy than OSV.
The reduction f 110.87 GWh when water reuse is adopted compared with OSV shows that it is the best option to supply offshore platforms with water. This reduction means that each platform can save 1.8 GWh per year when water reuse is considered.
When using water, reuse can provide a savings of 33.88 t of MDO, which is the amount consumed on each trip of the OSV to provide 2,000 m 3 of water to four platforms (500 m 3 for each platform).
Finally, we conclude that the measures aimed at the reuse of biological wastewater effluent as presented in this article provide significant energy savings in the uptake, water treatment, water transport and electrolytic treatment of wastewater.
